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ABSTRACT
A ~~w unified treatment for electron-ion recombination is employed to obtain recombination rate coefficients
for silicon, sulfur, and carbon ions of importance in the study of the interstellar medium and H II regions in
g~ner~l. Improved ~nd extended results are also presented for ions in the carbon isoeleetronic sequence.. Recom-
bination rate coet?clents are ~bu.lat~ at a wide !8nge oftemperatures, from 10 I to 109 K. These rates correspond
to total electron-ion recombination Incorporating both the radiative and dielectronic recombination processes
calculated in an ab initio manner.
Subjectheadings: atomic data - atomic processes
1. INTRODUCTION
In earlier works (Nahar & Pradhan 1994, 1995, hereafter
NP1, NP2), we have presented a unified treatment ofelectron..
ion recombination that incorporates both the radiative recom-
bination (RR) and the dielectronic recombination (DR) pro-
cesses, which have heretofore been calculated separately in
different approximations. The new method enables the calcu..
lation ofa single, total recombination rate coefficient that may
~e employed for a variety of astrophysical applications, in par-
ticular calculations involving ionization balance in H II re..
gions, the interstellar medium (ISM), active galactic nuclei,
and other sources.
We consider all final recombined states of the electron+ion
system that couple to the ground state ofthe recombining ion.
These states are divided into two groups: (a) low-n states n s
no (no ~ 10) and ( b) the high-n states no < n .s: 00. Recombi..
n~tion to low-lying bound states, corresponding to a low prin-
cipal quantum number n, is treated as the detailed-balance in-
verse of photoionization from a given state by virtue of the
Milne relation. Partial photoionization cross sections for leav-
ing the ion in the ground state are calculated for all bound
states that we designate as "low-a" states using methods devel-
oped for the Opacity Project (Seaton 1987). The ab initio pho..
toionization calculations employ the close coupling approxi-
mation and the R-matrix method (Berrington et al. 1987).
Resonances in the photoionization cross sections are resolved
in detail. Recombination cross sections and rate coefficients
so obtained subsume both the RR and the DR processes for
recombination to low-n bound statesof the electron+ion sys-
tem. However, recombination to bound states belonging to
"high-a" complexes is dominated by the DR process over the
"background" RR process throughout most of the tempera-
ture range. We therefore calculate the DR collision strengths,
for recombination via the high-n ( 10 < n :s 00) autoionizing
resonances in the electron+ion system.. The method is based
on the precise theory ofDR developed by Bell & Seaton ( 1985)
and applied by Pradhan & Seaton ( 1985) for radiation damp-
ing in electron scattering with positive ions.. The method devel-
oped for electron+ion recombination thus forms an extension
of the close-coupling approximation for photoionization and
electron-ion scattering..
Because the calculations are rather extensive, a few ions of
astrophysical importance are treated first.. In NP2 we applied
the new method to selected sulfur and silicon ions abundant in
the ISM (Spitzer & Fitzpatrick 1993); results ofcross sections
and comparison with previous works are given. In the present
work total rates and recombination rates for individual states
~re presented for the Sand Si ions and for C II, together with
Improved results for the C-sequence ions reported earlier in
Nahar & Pradhan (1992b, hereafter NP3) with some addi-
tional C-like ions .. The method involves explicit consideration
ofa large number ofbound states ofthe recombined electron-
ion system, typically a few hundred, and partial recombination
rate coefficients into those states are also obtained.. The rates
for recombination into specific excited states are of interest in
recombination-cascade models in general, and spectral forma-
tion ofrecombination lines in particular (Liu et al. 1995). The
background nonresonant recombination to the "high..n"
bound states, n = 11-00, is "topped up" using the hydrogenic
approximation; this contribution is small except at the low
temperatuares as T ~ 0.. Depending on the temperature, the
ground state and relatively few ofthe excited states may domi-
nate the total recombination rate.. We tabulate the partial re-
combination rate coefficients for the low-n states in each ion at
a few low temperatures, T = 100, 1000, and 10,000 K .. For
low T(T ~ 10,000 K) these rates for individual states should
represent the total recombination into these states reasonably
well..
2. COMPUTATIONS
Although the computational details have been explained in
NPI and NP2, a few points may be reemphasized.. Present re-
sults correspond to newly calculated photoionization cross sec-
tions, UPI, for all the ions, The primary differences between
th~se~n~earlier resul~, such as the Opacity Project (OP) pho-
toionizauoncross sections, are the following: ( 1) a much larger
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FIG. I.-Total recombination rate coefficient, aR( T) (solid curve), for
e + C III ..... C II obtained using photoionization cross sections where the
resonances near the ionization threshold are resolved with finer energy
mesh (present resolution). Comparison is made with RR rates by Aldro-
vandi &Pequignot ( 1973) (dashedcurve), low-TDR rates byNussbaumer
& Storey (1983) (dotted curve), and high-T DR rates by Jacobs et a1.
( 1979) tlong-dash-short-dash curve). Finer resolution has brought the
proper structures in aR( T), agreeing better with earlier calculations.
Mg VII -+ Mg VII at low temperatures (Fig. 3). The decrease in
aR( T) may be reversed ifthe DR type contribution from low-
lying autoionizing resonances is appreciable, leading to a low-
Tbump. At higher temperatures, when DR alone dominates,
(XR( T) exhibits a wider and more pronounced bump. There
may also be further small bumps in the high-T region due to
additional sets of resonances associated with the Sn =1= 0 core
transitions. Figure 2 illustrates such features for the recombi-
nation of (a) e + Mg VIII -+ Mg VII and (b) e + S XII -. S XI,
and compares the present total recombination rate coefficients,
aR( T) (solid curve), with previous calculations of RR rates
by Aldrovandi & Pequignot (1973) (dashed curve), and high-
temperature DR rates by Jacobs et al. (1979) (long-dash-
short-dash curve).The first bump in aR( T) in the low-Tregion
for Mg VII is due to resonances in the near-threshold region
(low-n contribution), while for S XI one sees two bumps in the
high-T region, one due to DR contribution from the tin = 0
dipole core transitions and the other from the tin :/-= 0 dipole
core transitions.
Figure 3 presents the recombination rates for all 10 carbon-
like ions: C I, N II, 0 11], F IV, Ne v, Na VI, Mg VII, Al VIII, Si IX,
and S xi. For the C-like ions the present 23 state eigenfunction
expansion yields a larger number ofelectron+ion bound states
than the earlier work NP3, and resulted ina significant increase
in (XR( T). In addition, the present work includes the effect of
dipole core transitions with An =1= O. Along the carbon-se-
quence ions, aR( T) generally increases, in the low-T region,
with increasing ion charge; although the background photo-
3. RESULTS AND DISCUSSIONS
The total recombination rate coefficients, (XR( T), of the 15
ions-Si I, Si II, S II, S III, and C II and the carbon like ions C I,
N II, 0 III, F IV, Ne v, Na VI, Mg VII, Al VIII, Si IX, and S XI-
are obtained and presented in Table 1 for a wide temperature
range from 10 1 to 109 K with a tern perature mesh of
~(10glOT) = 0.1.
The general form of the total recombination rate coefficient
is found to be as follows. Beginning with a high value, owing
to the T-~ (1' > 0) dependence of aR( T) and near-threshold
resonances, there is a relatively sharp decrease with tempera-
ture in the low-Tregion. Presence ofnear-threshold resonances
may enhance the rate considerably, as in the case of e +
r-I~ eigenfunction expansion is employed in the present work for
the target (or the core) ion, and (2) partial photoionization
~ cross sections, with the core ion in the ground state, are em-
~ ployed (rather than the total cross sections as calculated in the
in~ OP). As we discussed in NP2, the inclusion of more highly
r-I excited target states in the CC expansion allows contributions
from the ~n ::1= 0 states to be added to recombination. This is
· particularly the case for ions in the carbon isoelectronic se-
quence, where wehave improved the calculations in this man-
ner. The earlier (NP3 ) eight state close-coupling (CC) calcula-
tions, including target states of the n = 2 complex, 2s22 p
(2 PO), 2s2p2 (4P, 2D, 2S,2P), 2p 3 (4So, 2DO, 2PO),have been
extended to 23 states for the present work, including
many terms from the n = 3 complex, i.e., 2s23s (2S), 2s23p
(2PO), 2s23d (2D), 2s2p3s (4r«, 2r: 2PO), 2s2p3p
(2P, 4D, 4S, 4P, 2D, 2S,2D, 2P,2S). This increased the number
of bound states, resulting in significant enhancement in recom-
bination rates at the high temperatures. The total number of
low-n bound states, Nbnd , in the new calculations for each ion
are presented in Table 2; the number ofbound states increases
with ion charge.
One important feature ofthe present calculations is that the
near-threshold resonances in the photoionization cross sec-
tions are resolved with a finer energy mesh than the OP cross
sections, and the observed energies for the ion core states are
used in the calculations to obtain more accurate resonance po-
sitions. For example, photoionization cross sections for silicon
ions in the present work are better resolved than in the OP
work by Nahar & Pradhan (1992a, 1993). As explained in
NP2, it is crucial that the near-threshold resonances are re-
solved fully for the recombination rate coefficients, aRC T), to
minimize the large uncertainties at low temperatures. The im-
portance of this fact may be appreciated from Figure 1, which
presents the aR(T) values for the recombination process e +
C III -. C II, obtained by employing photoionization cross sec-
tions with fine energy resolution up to about 0.4 rydbergs
above the first ionization threshold. At low Tthe (XR( T) values
from Figure 8 of NP 1, using earlier cross sections which did
not fully resolve the resonance structures in the low-energy re-
gion, are considerably lower than the new (XR( T) values at low
T. The present total C II recombination rate coefficients are in
good agreement with the earlier results for low-T DR rates by
Nussbaumer & Storey ( 1983) and with the high- T DR rates by
Jacobs et a1. ( 1978; the values presented here are taken from
the fits oftheir values by Shull & Van Steenberg 1982).





n TOTAL RECOMBINATION RATE COEFFICIENTS (in em?s-1) FOR THE IONS
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If) 1.0 5.65-11 2.42-10 7.35-10 1.31-9 2.93-9 8.5 1.36-15 8.13-16 3.04-15 4.93-15 1.29-14O'l
0"\ 1.1 4.31-11 1.87-10 5.60-10 1.01-9 2.22-9 8.6 1.01-15 6.33-16 2.18-15 3.55-15 9.34-15
M 1.2 3.31-11 1.48-10 4.38-10 7.96-10 1.72-9 8.7 7.53-16 4.60-16 1.57-15 2.57-15 6.79-15
1.3 2.71-11 1.20-10 3.52-10 6.44-10 1.38-9 8.8 5.60-16 3.36-16 1.13-15 1.86-15 4.94-15
1.4 2.24-11 9.96-11 2.92-10 5.34-10 1.14-9 8.9 4.17-16 2.48-16 8.20-16 1.35-15 3.60-15
1.5 1.89-11 8.45-11 2.47-10 4.53-10 9.61-10 9.0 3.10-16 1.83-16 5.96-16 9.85-16 2.62-15
1.6 1.62-11 7.27-11 2.13-10 3.90-10 8.28-10
1.7 1.40-11 6.31-11 1.85-10 3.38-10 7.21-10
1.8 1.21-11 5.49-11 1.61-10 2.94-10 6.32-10 lOCJT Na VI Mq VIr Al VII 51 IX S XI
1.9 1.05-11 4.79-11 1.41-10 2.51-10 5.56-10
2.0 9.13-12 4.18-11 1.24-10 2.25-10 4.92-10
2.1 7.94-12 3.64-11 1.08-10 1.97-10 4.40-10 1.0 4..52-9 1 ..94-8 4.14-9 9.07-9 8 ..77-9
2.2 6.89-12 3.17-11 9.50-11 1.72-10 4.02-10 1.1 3.25-9 1.29-8 3.33-9 7.03-9 6.92-9
2.3 5.99-12 2.76-11 8.33-11 1.50-10 3.79-10 1.2 2.43-9 8.84-9 2.71-9 5.58-9 5.58-9
2.4 5.20-12 2.41-11 7.31-11 1.32-10 3.73-10 1.3 1.89-9 6.30-9 2.24-9 4.56-9 4.60-9
2.5 4.51-12 2.09-11 6.41-11 1.15-10 3 ..79-10 1.4 1.52-9 4.64-9 1.89-9 3.85-9 3.86-9
2.6 3.91-12 1.82-11 5.61-11 1.01-10 3.88-10 1.5 1 ..26-9 3.52-9 1.61-9 3.34-9 3.27-9
2.7 3.39-12 1.58-11 4.89-11 8 ..84-11 3.94-10 1 ..6 1.06-9 2.73-9 1.38-9 2.96-9 2.81-9
2.8 2.94-12 1.38-11 4 ..25-11 7.76-11 3.90-10 1.7 8.99-10 2.16-9 1.20-9 2.69-9 2.42-9
2.9 2.55-12 1.20-11 3.67-11 6.82-11 3.77-10 1.8 7.69-10 1.73-9 1.04-9 2.50-9 2.09-9
3.0 2.21-12 1.04-11 3.15-11 6.00-11 3.56-10 1.9 6.60-10 1.41-9 8.98-10 2 ..39-9 1.80-9
3.1 1.91-12 9.02-12 2.70-11 5.28-11 3.29-10 2.0 5.68-10 1.16-9 7 ..80-10 2.34-9 1.56-9
3.2 1.66-12 7.84-12 2 ..31-11 4.65-11 3.01-10 2.1 4.89-10 9.59-10 6.77-10 2.31-9 1.35-9
3.3 1.44-12 6.83-12 1 ..99-11 4.09-11 2.72-10 2.2 4.21-10 7.98-10 5.88-10 2.26-9 1.17-9
3.4 1.26-12 5.99-12 1.74-11 3.63-11 2.43-10 2 ..3 3 ..63-10 6.67-10 5.11-10 2.17-9 1.02-9
3.5 1.10-12 5.29-12 1.56-11 3 ..27-11 2.14-10 2 ..4 3.14-10 5.57-10 4.44-10 2.02-9 8.82-10
3.6 9.72-13 4.11-12 1.45-11 3.01-11 1 ..86-10 2.5 2.72-10 4.67-10 3.86-10 1.82-9 7.66-10
3.7 8.67-13 4.23-12 1.41-11 2.84-11 1.60-10 2.6 2.39-10 3.92-10 3 ..36-10 1.60-9 6.65-10
3.8 7.83-13 3.82-12 1 ..39-11 2.74-11 1.35-10 2 ..7 2.15-10 3.30-10 2.93-10 1.37-9 5.78-10
3.9 7.19-13 3.45-12 1.37-11 2.67-11 1 ..13-10 2.8 2.02-10 2.81-10 2.56-10 1.16-9 5.02-10
4.0 6.78-13 3.10-12 1.33-11 2.60-11 9..46-11 2.9 2.00-10 2.41-10 2.26-10 9..85-10 4.36-10
4.1 6.85-13 2 ..79-12 1.26-11 2.51-11 1.89-11 3.0 2.05-10 2.10-10 2.05-10 8.44-10 3.79-10
4.2 8.20-13 2.56-12 1.16-11 2.39-11 6.60-11 3.1 2.11-10 1.84-10 1.92-10 7.36-10 3.30-10
4.3 1.26-12 2.51-12 1.07-11 2.24-11 5.55-11 3.2 2.14-10 1.62-10 1.87-10 6.52-10 2.87-10
4.4 2.21-12 2.92-12 9.93-12 2.07-11 4.70-11 3 ..3 2.13-10 1.43-10 1.84-10 5.81-10 2.50-10
4.5 3.80-12 4.21-12 1.01-11 1.93-11 4.02-11 3.4 2.06-10 1 ..27-10 1.81-10 5.20-10 2.18-10
4.6 5.86-12 6.73-12 1.18-11 1.89-11 3.54-11 3.5 1.94-10 1.15-10 1.75-10 4.66-10 1.89-10
4.7 7.99-12 1.04-11 1.56-11 2.02-11 3.32-11 3.6 1.79-10 1 ..06-10 1.64-10 4.20-10 1.64-10
4.8 9.69-12 1.45-11 2.12-11 2 ..38-11 3.41-11 3.1 1.63-10 1.01-10 1.50-10 3 ..84-10 1.42-10
4.9 1.06-11 1.81-11 2.76-11 2 ..90-11 3.80-11 3.8 1 ..45-10 9 ..83-11 1.35-10 3.54-10 1.23-10
5.0 1.07-11 2.05-11 3.32-11 3.46-11 4.35-11 3.9 1.28-10 9.65-11 1.20-10 3.29-10 1.07-10
5.1 1.01-11 2.11-11 3.69-11 3.89-11 4.87-11 4.0 1.13-10 9.39-11 1.06-10 3.07-10 9.31-11
5.2 9.02-12 2.03-11 3.83-11 4.12-11 5.21-11 4.1 9.87-11 8.90-11 9.28-11 2.86-10 8.18-11
5.3 7.68-12 1.83-11 3.74-11 4.12-11 5.31-11 4..2 8.66-11 8.19-11 8.15-11 2.65-10 7.27-11
5.4 6.31-12 1.57-11 3.47-11 3.92-11 5.20-11 4.3 7.62-11 1.33-11 7.19-11 2.42-10 6.56-11
5.5 5.04-12 1 ..30-11 3.08-11 3.59-11 4.93-11 4.4 6.69-11 6.40-11 6.43-11 2.19-10 6.04-11
5.6 3.94-12 1.04-11 2 ..63-11 3.17-11 4.54-11 4.5 5.84-11 5.52-11 5.85-11 1 ..96-10 5.65-11
5.7 3.03-12 8.16-12 2.18-11 2.71-11 4.08-11 4.6 5.09-11 4.75-11 5.40-11 1 ..74-10 5.35-11
5.8 2.31-12 6.26-12 1.76-11 2.25-11 3.58-11 4.7 4.51-11 4.15-11 5.06-11 1.52-10 5.10-11
5.9 1.74-12 4.72-12 1.38-11 1.83-11 3.05-11 4.8 4.19-11 3.81-11 4.86-11 1.33-10 4.88-11
6.0 1.31-12 3.52-12 1.07-11 1.45-11 2.53-11 4.9 4.22-11 3 ..77-11 4.86-11 1.16-10 4.72-11
6.1 9.92-13 2.59-12 8.11-12 1.13-11 2.04-11 5.0 4..57-11 4.04-11 5.09-11 1.04-10 4.69-11
6.2 7.52-13 1 ..90-12 6.08-12 8.63-12 1.62-11 5.1 5.07-11 4.50-11 5.54-11 9.52-11 4.81-11
6.3 5.73-13 1 ..38-12 4.51-12 6.52-12 1.26-11 5.2 5.51-11 4 ..98-11 6.04-11 8.99-11 5.24-11
6.4 4.35-13 1.00-12 3.32-12 4.86-12 9.61-12 5.3 5.75-11 5.30-11 6.42-11 8.59-11 5.68-11
6.5 3.35-13 7.16-13 2.43-12 3.60-12 7.25-12 5.4 5.74-11 5.37-11 6.53-11 8.14-11 6.02-11
6.6 2.59-13 5.14-13 1.77-12 2.64-12 5.42-12 5.5 5.55-11 5.22-11 6.35-11 7.53-11 6.12-11
6.7 2.00-13 3.69-13 1.28-12 1.93-12 4.01-12 5.6 5.24-11 4.91-11 5.96-11 6.80-11 5.96-11
6.8 1.55-13 2.64-13 9.23-13 1.40-12 2.96-12 5.7 4.86-11 4.53-11 5.46-11 6 ..01-11 5.61-11
6.9 1.20-13 1.88-13 6.59-13 1.02-12 2.17-12 5.8 4.43-11 4.11-11 4.93-11 5.27-11 5.20-11
7.0 9.28-14 1.34-13 4.73-13 7 ..34-13 1.58-12 5.9 3.94-11 3.61-11 4.42-11 4.61-11 4.84-11
7.1 7.15-14 9.59-14 3.39-13 5 ..21-13 1.16-12 6.0 3..41-11 3.21-11 3.92-11 4.02-11 4.58-11
7.2 5.49-14 6.84-14 2.42-13 3.75-13 8.33-13 6.1 2.87-11 2.75-11 3.42-11 3.50-11 4.37-11
7.3 4.20-14 4.87-14 1.73-13 2.69-13 6.05-13 6.2 2.36-11 2.29-11 2.91-11 3.00-11 4.14-11
7.4 3.21-14 3.47-14 1.23-13 1.92-13 4.40-13 6.3 1.89-11 1.87-11 2.43-11 2.53-11 3.84-11
7.5 2.44-14 2.47-14 8.81-14 1.38-13 3.19-13 6.4 1.48-11 1.49-11 1.98-11 2.09-11 3.44-11
7.6 1.85-14 1.76-14 6.28-14 9.86-14 2.31-13 6.5 1.14-11 1.16-11 1.58-11 1.69-11 2.99-11
7.7 1.39-14 1.26-14 4.48-14 7.06-14 1.68:"13 6.6 8.65-12 8.94-12 1.23-11 1.34-11 2.51-11
7.8 1.05-14 8.97-15 3.20-14 5.05-14 1.22-13 6.7 6.48-12 6.18-12 9.47-12 1.04-11 2.05-11
7.9 7.89-15 6.40-15 2.28-14 3.62-14 8.83-14 6.8 4.81-12 5.08-12 7.19-12 7.96-12 1.63-11
8.0 5.91-15 4.57-15 1.63-14 2.59-14 6.40-14 6.9 3.54-12 3.77-12 5 ..40-12 6.01-12 1.27-11
8.1 4.42-15 3..27-15 1.16-14 1.86-14 4.64-14 7.0 2.59-12 2.78-12 4.03-12 4.50-12 9.74-12
8.2 3.30-15 2.34-15 8 ..30-15 1.33-14 3.37-14 7.1 1.88-12 2.04-12 2.98-12 3..34-12 7.37-12
8.3 2.46-15 1.68-15 5.93-15 9.54-15 2.44-14 7.2 1.31-12 1.49-12 2.20-12 2.46-12 5.51-12
8.4 1.83-15 1.21-15 4.24-15 6.85-15 1.71-14 7.3 9.76-13 1.09-12 1.62-12 1.81-12 4.09-12
1.4 7.03-13 7.77-13 1.20-12 1.32-12 3.01-12
1.5 5.05-13 5.62-13 8.64-13 9.47-13 2 ..21-12







log! S1 I S1 II S II SIll C IIr-l log'l Na VI Mg VIr Al VII 51 IX S XI
CJ)
t-)
7.6 3.61-13 4.07-13 6.33-13 6.88-13 1.62-12 6.21-13 9.08-13 2.06-12 3.41-13~ 6.7 8.88-14
L{) 7.7 2.59-13 2.93-13 4.64-13 4.98-13 1.16-12 6.8 6.52-14 4.42-13 6.50-13 1.47-12 2.43-130'\ 7.8 1.85-13 2.11-13 3.39-13 3.61-13 8.43-13 6.9 4.79-14 3.14-13 4.64-13 1.05-12 1.74-130'\
M 7.9 1.33-13 1.52-13 2.49-13 2.60-13 6.11-13 7.0 3.53-14 2.23-13 3.32-13 1.49-13 1.24-138.0 9.49-14 1.10-13 1.82-13 1.88-13 4.41-13 7.1 2.60-14 1.58-13 2.36-13 5.34-13 8.82-14
' .•1 6.18-14 7.90-14 1.33-13 1.35-13 3.19-13 7.2 1.92-14 1.12-13 1.69-13 3.80-13 6.29-148.2 4.85-14 5.70-14 9.76-14 9.77-14 2.31-13 1.3 1.43-14 1.98-14 1.20-13 2.70-13 4.48-148.3 3.47-14 4.10-14 7.15-14 7.05-14 1.61-13 7.4 1.06-14 5.66-14 8.55-14 1.92-13 3.19-148.4 2.48-14 2.96-14 5.23-14 5.09-14 1.20-13 1.5 1.96-15 4.02-14 6.09-14 1.36-13 2.27-148.5 1.78-14 2.13-14 3.83-14 3.61-14 8.68-14
8.6 1.27-14 1.54-14 2.80-14 2.65-14 6.27-14 7.6 5 ..99-15 2.85-14 4.33-14 9.69-14 1.62-14
8.7 9.12-15 1.11-14 2.05-14 1.92-14 4.53-14 7.1 4.54-15 2.02-14 3.08-14 6.88-14 1.15-14
8.8 6.55-15 8.03-15 1.50-14 1.39-14 3.27-14 7.8 3.47-15 1.43-14 2.19-14 4.89-14 8.24-15
8.9 4.71-15 5.82-15 1.10-14 1.00-14 2.31-14 7.9 2.68-15 1.02-14 1.56-14 3.47-14 5.88-15
9.0 3.40-15 4.22-15 8.05-15 7.21-15 1.71-14 8.0 2.08-15 7.20-15 1.11-14 2.47-14 4.20-15
8.1 1.64-15 5.11-15 7.93-15 1.75-14 3.01-15
8.2 1.30-15 3.63-15 5.65-15 1.25-14 2.15-15
logT Si I Si II S II SIll C II 8.3 1.04-15 2.58-15 4.03-15 8.87-15 1.55-15
8 ..4 8.48-16 1.83-15 2.88-15 6.31-15 1.11-15
8.5 6.96-16 1.30-15 2.06-15 4.49-15 8.04-16
1.0 8.68-11 1.85-10 2.22-10 1.51-9 2.49-10 8.6 5.77-16 9.25-16 1.41-15 3.20-15 5.82-16
1.1 6.49-11 1.46-10 1.72-10 1.16-9 1.92-10 8.7 4.83-16 6.59-16 1.06-15 2.28-15 4.24-16
1.2 4.98-11 1.11-10 1.36-10 8.82-10 1.51-10 8.8 4.08-16 4.10-16 7.61-16 1.63-15 3.10-161.3 3.95-11 9.56-11 1.11-10 6.92-10 1.22-10 8.9 3.48-16 3.36-16 5.49-16 1.17-15 2.28-161.4 3.24-11 7.99-11 9.19-11 5.64-10 1.01-10 9.0 2.9S-16 2.40-16 3.98-16 8.37-16 1.70-161.5 2.73-11 6.79-11 7.78-11 4.74-10 8.60-11
1.6 2.34-11 5.83-11 6.68-11 4.06-10 7.39-11
1.7 2.04-11 5.03-11 5.77-11 3.52-10 6.41-11
1.8 1.18-11 4.36':"11 5.01-11 3.07-10 5.58-11
1.9 1.56-11 3.19-11 4.37-11 2.68-10 4.87-11
2.0 1.36-11 3.28-11 3.80-11 2.34-10 4.24-11
2.1 1.19-11 2.84-11 3.31-11 2.04-10 3.70-11
2.2 1.05-11 2.46-11 2.89-11 1.78-10 3.22-11
2.3 9.19-12 2.12-11 2.53-11 1.54-10 2.81-11
2.4 8.06-12 1.83-11 2.22-11 1.33-10 2.45-11
2.5 1.07-12 1.58-11 1.96-11 1.14-10 2.13-11
2.6 6.20-12 1 ..36-11 1.75-11 9.79-11 1.85-11
2.1 5.45-12 1.17-11 1.56-11 8.37-11 1.61-11
2.8 4.19-12 1.01-11 1.40-11 7.15-11 1.41-11
2.9 4.21-12 8.68-12 1.25-11 6.10-11 1.25-11
3.0 3.72-12 1.46-12 1.11-11 5.23-11 1.13-11
3.1 3.30-12 6.42-12 9.81-12 4.51-11 1.01-11
3.2 2.95-12 5.54-12 8.66-12 3.92-11 1.O4~11
3.3 2.66-12 4.19-12 7.65-12 3.44-11 1.02-11
3.4 2.41-12 4.16-12 6.76-12 3.05-11 9.88-12
3.5 2.20-12 3.63-12 5.98-12 2.74-11 9.36-12
3.6 2.02-12 3..21-12 5.30-12 2.49-11 8.61-12
3.1 1.88-12 2.92-12 4.71-12 2.29-11 1.71-12
3.8 1.16-12 2.77-12 4.2"0-12 2.11-11 6.75-12
3.9 1.61-12 2.11-12 3.71-12 1.96-11 5.88-12
4.0 1.60-12 2.92-12 3.40-12 1.83-11 5.18-12
4.1 1.62-12 3.45-12 3.10-12 1.11-11 4.72-12
4.2 1.83-12 5.25-12 2.93-12 1.60-11 4.63-12
4.3 2.42-12 1.00-11 3.05-12 1.56-11 5.20-12
4.4 3.52-12 1.93-11 3.89-12 1.69-11 6.99-12
4.5 5.03-12 3.30-11 6.34-12 2.23-11 1.05-11
4.6 6.62-12 4.84-11 1.14-11 3.42-11 1.55-11
4.7 7.91-12 6.18-11 1.92-11 5.28-11 2.09-11
4.8 8.57-12 7.02-11 2.87-11 7.48-11 2.55-11
4.9 8.64-12 7.26-11 3.78-11 9.51-11 2.82-11
5.0 8.15-12 6.95-11 4.43-11 1.09-10 2.86-11
5.1 7.25-12 6.26-11 4.71-11 1.14-10 2.71-11
5.2 6.22-12 5.36-11 4.62-11 1.10-10 2.42-11
5.3 5.12-12 4.42-11 4.24-11 1.00-10 2.06-11
5.4 4.11-12 3.53-11 3.70-11 8.66-11 1.70-11
5.5 3.25-12 2.15-11 3.09-11 7.19-11 1.35-11
5.6 2.52-12 2.10-11 2.50-11 5.79-11 1.06-11
5.1 1.93-12 1.58-11 1.96-11 4.54-11 8.08-12
5.8 1.46-12 1.18-11 1.51-11 3.48-11 6.08-12
5.9 1.11-12 8.66-12 1.15-11 2.63-11 4.53-12
6.0 8.36-13 6.32-12 8.56-12 1.96-11 3.34-12
6.1 5.68-13 4.59-12 6.32-12 1.45-11 2.44-12
6.2 4.20-13 3.31-12 4.64-12 1.06-11 1.78-12
6.3 3.11-13 2.38-12 3.38-12 7.70-12 1.29-12
6.4 2.24-13 1.71-12 2.44-12 5.57-12 9.30-13
6.5 1.65-13 1.22-12 1.76-12 4.02-12 6.69-13
6.6 1.21-13 8.71-13 1.27-12 2.88-12 4.16-13
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Tregion (where DR dominates over RR) shows diminishing
enhancement in aR( T) with ion charge, while the peak value
shifts gradually to higher temperatures. Consistent with the es-
timated uncertainties in close-coupling calculations for photo-
ionization cross sections and excitation collision strengths, the
present rates should beaccurate to within 10%-20% in most of
the temperature region.
The present report also includes recombination rate coeffi-
cients for several individual states of the recombined elec-
tron+ion system. Table 2 lists the "low-a" states that domi-
nate the recombination process, in order oftheir contributions
to aR( T), for each of the 15 ions considered here at log10 T
= 2, 3, and 4. The resonances of the "high-a" states do not
significantly contribute until T ~ 20,000 K, depending on the
ion. This is clear from some ofthe recombination rates shown
in the figures above. Table 2 also presents the percentage con-
tributions of these dominant states to the total rates. A few
points may be noted. The number of contributing states that
dominate aR( T) for an ion is not the same at all temperatures;
the number is usually larger at higher temperatures, beyond
10,000K. The order ofcontributions of the dominant states is
also not the same at different temperatures. The variation in
the individual contributions depends on the distribution ofthe
autoionizing resonances in the photoionization cross sections.
As expected, the ground state is the dominant contributor to
the total aR( T) for most ions, but not for all. The ground states
for the ions in this work are: 2s 22 p2 3P for the carbon-like ions,
3s23 p2 3P for Si I, 3s23 p 2P" for Si II, 3s23p3 4So for S II, 3s 23 p2

























































FIG. 2.-Total recombination rate coefficient, aR( T) (solid curve), for
(a) e + Mg VIII-. Mg VII and (b) e+ S XII ... S XI. Also shown are RR
rates by Aldrovandi & Pequignot ( 1973) (dashed curve) and high-T DR




ionization cross sections decrease approximately as Z-2, the
number of low-n bound states increases, resulting in higher re-
combination rates. However, because ofthe presence oflow-T
bumps, the rate coefficients sometimes overlap, and there is no
systematic pattern. In contrast to the low-T region) the high-
Flo. 3.-Total recombination rate coefficient, aR( T), for the carbon-
like ions C I, N II, 0 III, F IV, Ne v, Na VI, Mg VII, AI VIII, Si IX, and
S XI, the lowest curvecorresponding to C I. In the low.T regionthe curves,
beyond F IV, overlapbecause of low-T bumps, but in the high-T'region
they systematically tend to convergewith incrementof the ion charge, the
topmostcurvecorresponding to S XI.





r-I RECOMBINATION RATE COEFFlCIENTs(in units of'cm? S-I) OFTHE DoMINANT STATES
0
rl OF THE IONS·
CJ)
t-::> 100 (K) 1000 (K) 10,000 (K)~
l1)
0'1
O'l C I Nbnd -= 246H
2s22p2 3Pe 2.54-12 2s22p2 3Pe 8.11-13 2s22p2 3Pe 2.82-13
2s22p2 10e 1.73-13 2s22p2 10e 2.50-13 2s22p2 1De 1.64-13
2s22p 2Po 3d 3Fo 1.51-13 2s22p 2Po 3d 3Fo 4.55-14 2s2p3 300 3.45-14
2s22p2 lSe 1.32-13 2s22p2 1Se 4.20-14 2s22p2 1Se 1.52-14
2s22p 2Po 3d 300 9.16-14 2s22p 2Po 3d 3Do 2.13-14 2s22p 2Po 3d 3Fo 1.05-14
2s22p 2Po 4d 3Fo 8.39-14 2s22p 2Po 4d 3Fo 2.55-14 2s22p 2Po 4d 3Fo 6.12-15
2s22p 2Po 4d 300 5.40-14 2s22p 2Po 4d 300 1.62-14 2s22p 2Po 3d 300 6.03-15
2s2p3 100 4.71-14 2s2p3 100 1.44-14 2s22p 2Po 3p 30e 5.86-15
2s22p 2Po 5d 3Fo 4.61-14 2s22p 2Po 5d 3Fo 1.42-14 2s22p 2Po 35 3Po 4.78-15
2s22p 2Po 4£ 3Ge 4.41-14 2s22p 2Po 3p 30e 1.25-14 2s22p 2Po 3p 3Pe 4.09-15
2s22p 2Po 3p 3De 4.09-14 2s22p 2Po 4f 3Ge 1.21-14 2s22p 2Po 4d 300 3.63-15
2s22p 2Po 3d 1Fo 4.00-14 2s22p 2Po 3d IFo 1.19-14 2s2p3 100 3.50-15
2s22p 21?0 5f 3Ge 3.91-14 2s22p 2Po Sf 3Ge 1.08-14 2s22p 2Po 5d 3Fo 3.47-15
2s22p 2Po 4f 3Fe 3.62-14 2s22p 2Po 4£ 3Fe 1.00-14
2s22p 2Po Sf 3Fe 3.17-14 2s2p3 300 9.80-15
2s22p 2Po Sd 300 3.12-14 2s22p 2Po 5d 300 9.39-15
2s2p3 300 2.92-14 2s22p 2Po 35 3Po 8.86-15
2s22p 2Po 6f 3Ge 2.84-14 2s22p 2Po 5f 3Fe 8.16-15
2s22p 2Po 35 3Po 2.79-14 2s22p 2Po 6d 3Fo 8.46-15
2s22p 2Po 6d 3Fo 2.74-14 2s22p 2Po 6f 3Ge 7.79-15
Sum: 20 states=- 4.29-12 20 states= 1.36-12 13 states=- 5.44-13
Total- 9.13-12 2.21-12 6.78-13
'contr1buton- 47 61 80
N II Nbnd = 255
2s22p2 3Pe 7.62-12 2s22p2 3Pe 2.44-12 2s22p2 3Pe 8.31-13
2s22p2 1De 4.03-12 2s22p2 IDe 1.28-12 2s22p2 IDe 4.21-13
2s22p2 1Se 8.01-13 2s22p2 ISe 2.55-13 2s2p3 300 3.28-13
2s22p 2Po 3d 3Fo 6.03-13 2s22p 2Po 3d 3Fo 1.88-13 2s2p3 3Po 1.54-13
2s22p 2Po 3p 3De 4.04-13 2s22p 2Po 3p 30e 1.29-13 2s22p2 ISe 8.27-14
2s22p 2Po 4d 3Fo 3.61-13 2s22p 2Po 4d 3Fo 1.13-13 2s22p 2Po 35 3Po 6.17-14
2s22p 2Po 3d 300 3.52-13 2s22p 2Po 3d 300 1.09-13 2s22p 2Po 3d 3Fo 5.26-14
2s22p 2Po 3p 3Pe 2.34-13 2s22p 2Po 3p 3Pe 1.51-14 2s22p 2Po 3p 30e 4.84-14
2s22p 2Po 4d 300 2.26-13 2s2p3 300 7.25-14 2s22p 2Po 4d 3Fo 3.26-14
2s2p3 300 2.16-13 2s22p 2Po 3s 3Po 7.07-14 2s22p 2Po 3d 300 2.91-14
2s22p 2Po 3$ 3Po 2.16-13 2s22p 2Po 4d 300 7.04-14 2s22p 2Po 3p 3Pe 2.87-14
2s22p 2Po 5d 3Fo 2.01-13 2s22p 2Po Sd 3Fo 6.32-14 2s2p3 350 2.24-14
2s22p 2Po 4f 3Ge 1.82-13 2s22p 2Po 3d 3Po 5.64-14 2s22p 2Po 4d 300 1.96-14
2s22p 2Po 3d 3Po 1.82-13 2s22p 2Po 4f 3Ge 5.54-14 2s22p 2Po Sd 3Fo 1.86-14
2s22p 2Po Sf 3Ge 1.62-13 2s22p 2Po Sf 3Ge 4.92-14 2s22p 2Po 3p IDe 1.78-14
2s22p 2Po 3p IDe 1.48-13 2s22p 2Po 3p 1De 4.73-14 2s22p 2Po 3d 3Po 1.54-14
2s22p 2Po 4f 3Fe 1.41-13 2s22p 2Po 4£ 3Fe 4.46-14 2s22p 2Po 4p 30e 1.31-14
2s22p 2Po Sd 3Do 1.35-13 2s22p 2Po 5d 300 4.20-14 2s22p 2Po 4f 3Ge 1.31-14
2s22p 2Po 3d 1Fo 1.34-13 2s22p 2Po 3d 1Fo 4.14-14 2s22p 2Po 5d 3Do 1.18-14
2s22p 2Po Sf 3Fe 1.29-13 2s22p 2Po 4d 3Po 3.93-14 2s22p 2Po 5f 3Ge 1.11-14
Sum: 20 states=- 1.65-11 20 states- 5.25-12 20 states= 2.21-12
Total= 4.18-11 1.04-11 3.10-12
'contributon;;: 40 50 71
o III: Nbnd .. 284
2s22p2 3Pe 1.52-11 2s22p2 3Pe 6.54-12 2s2p3 300 4.10-12
2s2p3 1Po 1.29-11 2s22p2 IDe 2.00-12 2s22p2 3Pe 1.56-12
2s22p 2Po 35 1Po 7.21-12 2s2p3 lPo 1.74-12 2s2p3 3Po 9.23-13
2s22p2 IDe 6.24-12 2s22p 2Po 38 1Po 1.11-12 2s22p2 1De 6.60-13
2s2p3 3Do 1.88-12 2s2p3 300 6.72-13 2s22p 2Po 3s 3Po 4.63-13
2s22p 2Po 3p 3De 1.69-12 2s22p 2Po 3p 3Se 6.01-13 2s2p3 100 4.49-13
2s22p2 ISe 1.59-12 2s22p 2Po 3p 30e 5.16-13 2s22p 2Po 3d 3Fo 3.14-13
2s22p 2Po 3p 3Se 1.38-12 2s22p2 lSe 5.05-13 2s22p 2Po 3p 3De 2.33-13
2s22p 2Po 3p 3Pe 1.06-12 2s22p 2Po 3p 3Pe 3.24-13 2s22p 2Po 3d 300 2.22-13
2s22p 2Po 3d 3Fo 1.02-12 2s22p 2Po 3d 3Fo 3.1Q-13 2s2p3 IPo 1.98-13
2s22p 2Po 4d 3Fo 8.16-13 2s22p 2Po 4d 3Fo 2.55-13 2s22p2 lSe 1.74-13
2s22p 2Po 3d 300 6.05-13 2s2p2 4Pe 3d 30e 2.40-13 2s22p 2Po 3s IPo 1.63-13
2s22p 2Po 35 3Po 5.74-13 2s22p 2Po 35 3Po 1.87-13 2s2p3 350 1.17-13
2s22p 2Po 3d 3Po 4.74-13 2522p 2Po 3d 300 1.82-13 2s22p 2Po 3p 3Pe 1.16-13
2s22p 2Po 4d 300 4.73-13 2s22p 2Po 4d 300 1.48-13 2s2p2 4Pe 3p 300 8.06-14
428







o III: Nbnd - 284r-I
(/)
t-:> 2s22p 2Po 5d 3Fo 4.50-13 2s22p 2Po 5p 3Pe 1.48-13 2s22p 2Po 3d 3Po 7.21-14~.
Ui 2s22p 2Po 3d 1Po 4.34-13 2s22p 2Po 3d 3Po 1.47-13 2s22p 2Po 4d 3Fo 7.07-14
(1) 2s22p 2Po 4f 3Ge 4.07-13 2s22p 2Po 5d 3Fo 1.41-13 2s2p2 4Pe 3d 3De 6.27-140)
r-I 2s2p2 4Pe 3d 3De 3.92-13 2s22p 2Po 5p 30e 1.37-13 2s22p 2Po 3d IFo 5.84-14
2s22p 2Po 4p 30e 3.81-13 2s22p 2Po 4p 3Pe 1.37-13 2s22p 2Po 3p 3Se 5.83-14
Sum: 20 states= 5.52-11 20 states= 1.60-11 20 states= 1.01-11
Total= 1.24-10 3.15-11 1.33-11
\contributon= 45 51 76
F IV Nbnd - 324
2s22p2 3Pe 2.00-11 2s22p2 3Pe 6.33-12 2s2p3 300 3.82-12
2s2p3 1Po 1.68-11 2s2p3 IPo 4.04-12 2s22p2 3Pe 2.54-12
2s22p2 IDe 1.02-11 2s22p2 lOe 3.26-12 2s22p 2Po 3d 3Fo 1.91-12
2s22p 2Po 3d 3Fo 7.18-12 2s2p3 300 3.06-12 2s2p3 100 1.50-12
2s2p3 300 6.37-12 2s22p 2Po 3d 3Fo 2.34-12 2s2p3 3Po 1.31-12
2s2p3 3Po 4.36-12 2s2p3 3Po 1.83-12 2s2p3 350 1.37-12
2s22p 2Po 3d 100 4.35-12 2s2p3 100 1.21-12 2s22p2 1De 1.19-12
2s2p3 100 3.83-12 2s22p 2Po 3d 100 1.03-12 2s2p3 IPo 1.18-12
2s22p 2Po 3d 1Po 3.51-12 2s22p 2Po 3d 1Po 8.45-13 2s22p 2Po 3d 300 9.72-13
2s22p 2Po 3d 1Fo 3.05-12 2s22p 2Po 3d 1Fo 1.81-13 2s22p 2Po 3d 3Po 4.04-13
2s22p 2Po 3p 30e 2.32-12 2s22p 2Po 3p 30e 7.32-13 2s22p 2Po 3d 100 3.37-13
2s22p2 ISe 1.95-12 2s2p2 4Pe 3p 300 6.42-13 2s2p2 4Pe 3p 300 3.36-13
2s22p 2Po 4d 3Fo 1.31-12 2s22p2 ISe 6.21-13 2s22p 2Po 3d 1Fo 3.06-13
2s22p 2Po 3p 3Pe 1.30-12 2s22p 2Po 3p 3Pe 4.14-13 2s22p 2Po 3p 3De 2.39-13
2s22p 2Po 3d 3Po 1.28-12 2s22p 2Po 4d 3Fo 4.12-13 2s2p2 4Pe 3d 3De 2.25-13
2s22p 2Po 3d 300 1.20-12 2s22p 2Po 3d 3Po 3.57-13 2s22p2 lSe 2.03-13
2s22p 2Po 3s 3Po 9.01-13 2s22p 2Po 3d 300 3.52-13 2s22p 2Po 4s 3Po 1.80-13
2s22p 2Po 3p 10e 8.06-13 2s22p 2Po 3s 3Po 2.81-13 2s22p 2Po 3d 1Po 1.60-13
2s22p 2Po Sd 3Fo 7.93-13 2s2p2 4Pe 4p 300 2.77-13 2s22p 2Po 3p 3Pe 1.43-13
2s22p 2Po 5f 3Ge 7.22-13 2s22p 2Po 5d 3Fo 2.50-13 2s2p2 2De 3p 3Fo 1.41-13
Sum: 20 states- 9.22-11 20 states- 2.91-11 20 states= 1.85-11
Total- 2.25-10 6.00-11 2.60-11
'contributon-' 41 48 71
Ne V Nbnd • 338
2s2p3 300 1.30-10 2s2p3 300 1.51-10 2s2p3 300 1.67-11
2s2p3 3Po 2.90-11 2s2p3 3Po 6.90-11 2s2p3 3Po 1.26-11
2s22p2 3Pe 2.58-11 2s2p3 100 1.91-11 2s2p3 100 1.69-12
2s22p2 10e 1.29-11 2s2p2 20e 3p 300 8.64-12 2s2p2 20e 3d 3Fe 4.98-12
2s2p2 2De 3p 3Fo 1.09-11 2s22p2 3Pe 8.17-12 2s2p2 20e 3d 3Ge 4.87-12
2s22p 2Po 4d 3Fo 9.56-12 2s2p2 2De 3p 3Po 7.65-12 2s2p2 4Pe 3d 3Fe 3.81-12
2s22p 2Po 4d 300 8.24-12 2s2p2 2De 3p 1Fo 4.88-12 2s2p2 20e 3d 30e 2.89-12
2s2p2 20e 3p 300 7.64-12 2s22p 2Po 4d 300 4.77-12 2s22p2 3Pe 2.81-12
2s22p 2Po 3d 3Fo 7.41-12 2s22p2 10e 4.07-12 2p4 10e 2.25-12
2s22p 2Po 3d 300 4.75-12 2s2p2 20e 3p 3Fo 3.93-12 2s2p2 2De 3d 1Fe 1.73-12
2s22p 2Po 3p 30e 3.76-12 2s22p 2Po 4d 3Fo 2.62-12 2s2p3 1Po 1.71-12
2s22p2 1Se 2.99-12 2s2p2 20e 3d 3Fe 2.46-12 2s2p2 20e 3d 1Ge 1.49-12
2s2p2 2De 3p 3Po 2.56-12 2s2p2 20e 3d 10e 1.45-12
2s2p2 20e 3d 3Ge 2.46-12 2p4 3Pe 1.44-12
2s22p 2Po 3d 3Po 2.23-12 2s22p2 IDe 1.39-12
2s22p 2Po 3p 3Pe 2.13-12 2s2p2 20e 3p 3Po 1.34-12
2s2p2 20e 3d 3Fe 2.06-12 2s2p2 20e 3p 1Fo 1.13-12
2s22p 2Po 3d 100 1.60-12 2s2p2 20e 3d 1Pe 1.11-12
2s22p 2Po 4p 30e 1.43-12 2s2p2 2De 3d 3Pe 1.04-12
2s2p3 100 1.26-12 2s2p2 2De 3p 300 8.86-13
Sum: 20 states= 2.69-10 12 states= 2.87-10 20 states- 1.34-11
Total= 4.92-10 3.56-10 9.46-11
'contributon= 55 81 78
Na VI: Nbnd - 390
2s22p2 3Pe 1.24-10 2p4 3Pe 5.05-11 2p4 3Pe 2.91-11
2s22p2 IDe 1.72-11 2522p2 3Pe 3.18-11 2p4 IDe 1.44-11
2p4 3Pe 1.05-11 2s2 2p 2Po 4p 3De 9.21-12 2s2p3 300 9.12-12
2s 2p2 4Pe 35 3Pe 8.20-12 2s22p~ lDe 5.16-12 2s22p2 3Pe 7.96-12
2s2 2p 2Po 4f 3Ge 6.25-12 25 2p2 2Pe 3s 3Pe 3.32-12 2s2p3 3Po 5.55-12
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0 Na VI: Nbnd = 390r-i
{/)
t"J 282 2p 2Po 3d 3Fo 6.20-12 25 2p2 2Pe 3d 3Fe 2.21-12 282 2p 2Po 4p 30e 4.31-12o~
~ 282 2p 2Po 3p 3De 5.42-12 252 2p 2Po 3d 3Fo 1.95-12 2s22p2 10e 2.01-12l.f)
0'\ 2s22p2 1Se 4.21-12 252 2p 2Po 3p 30e 1.70-12 25 2p2 2Pe 35 3Pe 1.79-12
0'\ 252 2p 2Po 4f 3De 4.06-12 2s22p2 1Se 1.40-12 25 2p2 4Pe 3p 300 1.25-12r-l
282 2p 2Po 3d 300 3.14-12 252 2p 2Po 4f 3Ge 1.32-12 2s22p2 IS. 1.24-12
252 2p 2Po 4p 3Pe 3.45-12 252 2p 2Po 4p 3Pe 1.29-12 2s 2p2 2Pe 3d 3Fe 1.09-12
252 2p 2Po 4d 3Fo 3.39-12 25 2p2 20e 3d 3Fe 1.24-12 2s 2p2 4Pe 3p 3Po 9.43-13
2s2 2p 2Po 3p 3Pe 3.30-12 2s2 2p 2Po 4f 30e 1.18-12 2s2 2p 2Po 4p IDe 8.81-13
252 2p 2Po 4p 30e 3.05-12 252 2p 2Po 3d 300 1.18-12 28 2p2 20e 3d 3Fe 1.66-13
25 2p2 4Pe 3d 30e 2.67-12 2p4 lOe 1.15-12 252 2p 2Po 4p 3Pe 7.57-13
252 2p 2Po 3d 3Po 2.54-12 252 2p 2Po 4d 3Fo 1.07-12 25 2p2 2De 3d 3De 6.55-13
2p4 IDe 2.20-12 25 2p2 20e 3d 30e 1.06-12 28 2p2 4Pe 3d 30e 6.18-13
252 2p 2Po 4f 3Fe 2.19-12 252 2p 2Po 3p 3Pe 9.36-13 252 2p 2Po Cd 3Fo 6.06-13
252 2p 2Po 35 3Po 2.13-12 252 2p 2Po Sp 30e 8.86-13 2s2 2p 2Po 3d 3Fo 6.04-13
2s 2p2 4Pe 4d 30e 1.99-12 25 2p2 2Se 3d 3De SJ61-13 2s 2p2 2Se 3d 3De 6.01-13
Sum: 20 states- 2.16-10 20 states· 1.20-10 20 states- 8.43-11
Total= 5.68-10 2.05-10 1.13-10
tcontributon= 38 58 15
M9 VII: Nbnd =: 412
2s22p2 lOe 2.08-10 2s22p2 1De 2.18-11 2s2p3 300 1.51-11
2s2p2 20e 4d 1Ge 7.95-11 2s22p2 3Pe 1.28-11 2s22p2 10e 1.19-11
2s2p2 2De 3d 1Ge 5.31-11 2s2p2 2De 3s 10e 6.50-12 2s22p2 3Pe 4.21-12
2s2p2 2De 35 1De 4.67-11 2s2p2 2De 4d 1Ge 4.41-12 2s2p3 3Po 4.17-12
2s22p2 3Pe 3.79-11 2s2p2 2De 35 30e 3.70-12 2s2p2 20e 3p 3Fo 2.75-12
2s2p2 2De 4d IFe 2.15-11 2s2p2 2De 3d lGe 2.96-12 2s2p2 20e 3d 3Ge 1.73-12
2p4 lDe 2.22-11 2s22p 2Po 3d 3Fo 2.52-12 2s2p2 2De 3p 300 1.63-12
2s2p2 20e 3d 1Fe 2.12-11 2s22p 2Po 3p 30e 2.38-12 2s2p2 2De 3d 3Fe 1.38-12
2s2p2 2De 3d 1De 1.91-11 2s22p 2Po 3d 300 1.67-12 2s2p3 1De 1.16-12
2s22p 2PO 5p IDe 1.32-11 2s22p 2Po 5p IDe 1.61-12 2s2p2 20e 4f 3Ho 1.13-12
2s2p2 2Se 3d IDe 9.47-12 2s2p2 20e 4d IFe 1.52-12 2s2p2 2De 4£ 3Go 1.05-12
2s2p2 20e 45 IDe 9.09-12 2s22p 2Po 4d 3Fo 1.50-12 2s2p3 IPo 8.27-13
2s22p 2Po 3p IDe 8.68-12 2s22p2 ISe 1.46-12 2s22p 2Po 3d 3Fo 8.04-13
2s22p 2Po 7f IGe 8.54-12 2s22p 2Po Sp 3Se 1.44-12 2s2p2 2De 4p 3Fo 7.68-13
2s22p 2Po 5p lPe 8.45-12 2s22p 2Po 5p 3Pe 1.30-12 2s2p2 2De 4d 3Ge 7.26-13
2s22p 2Po 3d 3Fo 8.04-12 2s22p 2Po 3p 3Pe 1.25-12 2s22p 2Po 3p 30e 7.18-13
2s22p 2Po 3p 30e 7.44-12 2p4 lDe 1.25-12 2s2p2 2De 3p 3Po 6.82-13
2s22p 2Po 6p 1De 6.63-12 2522p 2Po Jp IDe 1.22-12 2s2p2 2De 35 1De 6.77-13
2s22p 2Po 3d 300 5.28-12 2s22p 2Po 4d 300 1.21-12 2s2p2 20e 3d 30e 6.67-13
2p3 2Do 3p IDe 4.76-12 2s2p2 2De 4s IDe 1.20-12 2s2p2 20e 3s 30e 6.64-13
Sum: 20 states= 6.05-10 20 states= 7.97-11 20 states- 5.33-11
Total: 1.16-9 2.10-10 9.39-11
'contributon- 52 38 57
Al VIII: Nbnd - 431
2s22p2 3Pe 4.91-11 2s22p2 3Pe 1.58-11 2s2p3 300 2.50-11
2s22p2 1De 2.61-11 2s2p3 300 8.50-12 2p4 3Pe 1.01-11
2s22p 2Po 3d 3Fo 1.05-11 2s22p2 1De 8.24-12 2s2p3 3Po 7.11-12
2s22p 2Po 3p 3De 9.00-12 2s22p 2Po 3d 3Fo 3.31-12 2s22p2 3Pe 5.09-12
2s22p 2Po 3d 300 6.34-12 2s22p 2Po 3p 30e 2.85-12 2s2p2 4Pe 3p 300 3.35-12
2s22p 2Po 4d 3Fo 5.62-12 2s22p 2Po 3d 3Do 2.00-12 2s22p2 loe 2.63-12
2s22p2 1Se 5.54-12 2s22p2 lSe 1.83-12 2s2p2 4Pe 3d 30e 2.35-12
2s22p 2Po 3p 3Pe 4.87-12 2s22p 2Po 4d 3Fo 1.79-12 2s2p2 4Pe 4d 30e 1.65-12
2s22p 2Po 3d 3Po 4.28-12 2s22p 2Po 3p 3Pe 1.56-12 2p3 4So 3p 3Pe 1.28-12
2s22p 2Po 35 3Po 4.02-12 2s22p 2Po 3d 3Po 1.36-12 2s2p2 4Pe 4p 3Do 1.21-12
2s22p 2Po 4d 3Do 4.01-12 2s22p 2Po 35 3Po 1.21-12 2s2p2 4Pe 3p 3Po 1.04-12
2s22p 2Po 4f 3Ge 3.25-12 2s22p 2Po 4d 300 1.26-12 2s22p 2Po 3d 3Fo 1.03-12
2s22p 2Po 5f 3Ge 3.12-12 2s2p2 4Pe 3p 300 1.16-12 2s22p 2Po 3p 3De 9.03-13
2s22p 2Po 5d 3Fo 2.88-12 2s2p3 3Po 1.12-12 2s2p2 4Pe 5d 30e 8.34-13
2s22p 2Po 3p lDe 2.70-12 2s22p 2Po 4£ 3Ge 1.03-12 2s2p2 4Pe 4d 3Fe 7.92-13
2s22p 2Po 4d 3Po 2.62-12 2s22p 2Po Sf 3Ge 9.76-13 2s2p2 4Pe 3d 3Fe 7.56-13
2s22p 2Po 3d 100 2.59-12 2s22p 2Po Sd 3Fo 9.13-13 2s22p 2Po 3d 300 6.30-13
2s22p 2Po 4£ 3Fe 2.20-12 2s22p 2Po 3p IDe 8.56-13 2s2p2 4Pe 4£ 3Fo 6.03-13
2s22p 2Po 3d lFo 2.07-12 2s22p 2Po 4d 3Po 8.24-13 2522p2 1Se 5.85-13
2s22p 2Po 4p 3Pe 2.06-12 2s22p 2Po 3d 100 8.22-13 2s2p2 4Pe Sp 300 5.66-13
Sum: 20 states= 1.53-10 20 states= 5.74-11 20 states= 6.75-11
Total= 1.80-10 2.05-10 1.06-10
'contributon- 20 28 64
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0 S1 IX Nbnd = 450r-I
{j)
I-)
2p4 IDe 9.75-10 2p4 10e 3.79-10 2p4 3Pe 6.16-11o~
~ 2p3 200 3p 1Pe 1.49-10 2p3 200 3p 1Pe 5.62-11 2p4 lDe 2.96-11Lf)
0\ 2s22p2 3Pe 6.71-11 2p4 3Pe 5.45-11 2p3 200 3d 3Go 2.79-110'1
r-l 2s22p2 IDe 5.52-11 2s22p2 3Pe 3.49-11 2p3 200 3~ 3Fo 1.98-11
2p3 200 3p 1De 3.61-11 2s22p2 IDe 1.11-11 2s22p2 3Pe 1.29-11
2p4 3Pe 2.71-11 2p3 200 3p lOe 1.31-11 2p3 200 3d 300 1.04-11
2p3 2Po 3p IDe 2.32-11 2p3 2Po 3p IDe 1.00-11 2p3 200 3d 1Go 8.58-12
2s22p 2Po 3d 3Fo 1.21-11 2s22p2 ISe 8.03-12 2s22p2 IDe 4.95-12
2s2p2 20e 4d IDe 1.22-11 2p3 200 3p 3Pe 5.50-12 2p3 200 3p 3Pe 4.64-12
2s22p 2Po 3p 30e 1.18-11 2s2p2 2De 4d IDe 4.47-12 252p3 3Po 4.31-12
2s22p2 ISe 1.13-11 2s22p 2Po 5p 30e 4.39-12 2s22p2 ISe 3.78-12
2s2p2 2Pe Js IPe 9.92-12 2s2p2 2Pe 35 3Pe 4.38-12 2s2p3 300 3.50-12
2s22p 2Po 5p IDe 8.58-12 2s22p 2Po 3d 3Fo 4.03-12 2s22p 2Po Sp 3De 3.01-12
2s22p 2Po 3d 300 1.68-12 2s22p 2Po 3p 30e 3.16-12 2p3 200 3d IFo 2.88-12
2s22p 2Po 4d 3Fo 6.91-12 2s2p2 2Pe 3s IPe 3.18-12 2p3 200 3p IPe 2.65-12
2s22p 2Po 5p 30e 6.52-12 2s22p 2Po 5p IDe 2.69-12 2s2p2 2Pe 3. 3Pe 2.63-12
2s22p 2Po 3p 3Pe 6.46-12 2s22p 2Po 3d 300 2.41-12 2p3 200 3p 3De 2.00-12
2s2p2 2Pe 4d 1Pe 6.06-12 2s2p2 2Pe 4d IPe 2.29-12 2p3 2Po 3p 3De 1.76-12
2s2p2 20e 4d 1Se 5.20-12 2p3 200 3p 3De 2.25-12 2s2p2 2Pe 45 3Pe 1.70-12
2s22p 2Po 3d 3Po 5.11-12 2s22p 2Po 4d 3Fo 2.19-12 2p3 4So 3d 3Do 1.60-12
Sum: 20 states- 1.44-9 20 states· 6.14-10 20 states- 2.10-10
Total= 2.34-9 8.44-10 3.07-10
'contributon= 62 73 69
S XI Nbnd .. 498
2s22p2 3Pe 8.17-11 2s22p2 3Pe 2.44-11 2s22p2 3Pe 7.99-12
2s22p2 IDe 4.32-11 2s22p2 IDe 1.33-11 2s22p2 IDe 4.21-12
2s22p 2Po 3d 3Fo 1.68-11 2s22p 2Po 3d 3Fo 5.69-12 2s22p 2Po 3d 3Fo 1.80-12
2s22p 2Po 3p 3De 1.53-11 2s22p 2Po 3p 30e 5.13-12 2s22p 2Po 3p 30e 1.63-12
2s22p 2Po 3d 3Do 1.07-11 2s22p 2Po 3d 300 3.54-12 2s22p 2Po 3d 3Do 1.11-12
2s22p 2Po 4d 3Fo 9.87-12 2s22p 2Po 4d 3Fo 3.10-12 2s22p 2Po 4d 3Fo ;.17-13
2s22p2 ISe 9.03-12 2s22p2 1Se 2.89-12 2s22p2 IS. 9.18-13
2s22p 2Po 3p 3Pe 8.30-12 2s22p 2Po 3p 3Pe 2.78-12 2s22p 2Po 3p 3Pe 8.91-13
2s22p 2Po 38 3Po 7.37-12 2s22p 2Po 3s 3Po 2.43-12 2s22p 2Po 3s 3Po 7.77-13
2s22p 2Po 3d 3Po 7.17-12 2s22p 2Po 3d 3Po 2.36-12 2s22p 2Po 3d 3Po 7.45-13
2s22p 2Po 4p 3De 6.93-12 2s22p 2Po 4p 30e 2.17-12 2s22p 2Po 4p 3De 6.87-13
2s22p 2Po 4d 3Do 6.80-12 2s22p 2Po 4d 300 2.14-12 2s22p 2Po 4d 300 6.73-13
2s22p 2Po 4f 3Ge 5.71-12 2s22p 2Po 4f 3Ge 1.80-12 2s22p 2Po 4f 3Ge 5.58-13
2s22p 2Po Sf 3Ge 4.93-12 2s22p 2Po Sf 3Ge 1.57-12 2s22p 2Po 3p IDe 4.94-13
2s22p 2Po 3p IDe 4.80-12 2s22p 2Po 3p IDe 1.56-12 2s22p 2Po 5f 3Ge 4.92-13
2s22p 2Po 4f 3Fe 4.77-12 2s22p 2Po 4f 3Fe 1.50-12 2s22p 2Po 4f 3Fe 4.66-13
2s22p 2Po 5f 3Fe 4.66-12 2s22p 2Po 5f 3Fe 1.47-12 2s22p 2Po 5f 3Fe 4.54-13
2s22p 2Po 4d 3Po 4.24-12 2s22p 2Po 3d 100 1.40-12 2s22p 2Po 3d 100 4.43-13
2s22p 2Po 3d 100 4.20-12 2s22p 2Po 4d 3Po 1.34-12 2s22p 2Po 4d 3Po 4.23-13
2s22p 2Po 3d lE-o 4.16-12 2s22p 2Po 4p 3Pe 1.30-12 2s22p 2Po 4p 3Pe 4.11-13
Sum: 20 states= 2.61-10 20 states- 8.18-11 20 states= 2.62-11
Total= 1.56-9 3.79-10 9.31-11
'contributon= 17 22 28
S1 I Nbnd = 264
3s23p2 3Pe 4.74-12 3s23p2 3Pe 1.51-12 3s23p2 3Pe 4.73-13
3s23p2 IDe 1.13-12 3s23p2 IDe 3.66-13 3s23p2 IDe 1.90-13
3s23p 2Po 4p 3De 4.03-13 3s23p 2Po 4p 30e 1.21-13 3s3p2 4Pe 3d 3De 8.99-14
3s23p 2Po 3d 3Fo 3.65-13 3s23p 2Po 3d 3Fo 1.15-13 3s3p2 4Pe 4f 3Go 5.28-14
3s23p 2Po 4p 3Pe 2.07-13 3s23p 2Po 4p 3Pe 7.16-14 3s3p2 2De 4f 3Ho 4.31-14
3s3p3 300 1.60-13 3s3p3 300 5.21-14 3p4 3Pe 3.95-14
3s23p 2Po Sp 3Pe 1.49-13 3s23p 2Po 5p 3Pe 5.18-14 3s23p 2Po 3d 3Fo 3.72-14
3s23p 2Po Sp 30e 1.46-13 3s23p 2Po 4p IDe 4.27-14 3s3p3 3Do 3.63-14
3s23p 2Po 4p IDe 1.29-13 3s23p 2Po Sp 3De 4.11-14 3s3p2 4Pe 4f 3Fo 3.26-14
3s23p 2Po 3d 3Po 1.05-13 3s23p 2Po 3d 100 3.34-14 3s23p 2Po 4p 3De 2.18-14
3s23p2 1Se 1.05-13 3s23p 2Po 3d 3Po 3.33-14 3s3p2 2De 3d IPe 2.09-14
3s23p 2Po 3d 100 1.04-13 3s23p2 ISe 3.23-14 3s23p 2Po 5p 3Pe 2.08-14
3s23p 2Po 4d 31'0 9.11-14 3p4 3Pe 3.05-14 3s23p 2Po 4p 3Pe 2.06-14
3p4 3Pe 8.81-14 3s23p 2Po 4d 3Fo 3.01-14 3s3p2 2De 4f 1Go 1.75-14
3s23p 2Po Sp IDe 8.73-14 3s23p 2Po Sp IDe 2.98-14 3p4 IDe 1.71-14
3s23p 2Po 6h 31e 5.82-14 3s3p2 4Pe 3d 30e 2.07-14 3s23p 2Po 5p 30e 1.57-14
3s3p2 4Pe 3d 3De 5.82-14 3s23p 2Po 6h 31e 1.72-14 3s3p2 20e 4f 1Ho 1.44-14
3s23p 2Po 7h 31e 5.37-14 3s23p 2Po 7h 31e 1.57-14 3s23p 2Po 4d 3Do 1.36-14
3s23p 2Po 4p 1Pe 5.11-14 3s23p 2Po 5p 3Se 1.57-14 3s3p2 2De 3d 3Se 1.34-14
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0 Si I : Nbnd .. 264r-I
{j)
t-:> 3s23p 2Po 6h 3He 4.92-14 3s23p 2Po 6h 3He 1.45-14 3s23p2 ISe 1.33-14~~
If)
0'\ Sum: 20 state5= 8.28-12 20 states· 2.65-12 20 states= 1.18-120'\
r-l Total- 1.36-11 3.72-12 1.60-12
'contr1buton- 61 11 74
51 II: Nbnd = 59
353p2 20e 3.46-12 3s3p2 2De 1.08-12 3s2 15e 3d 2De 5.28-13
3p3 2Po 1.59-12 3p3 2Po 4.58-13 3s3p2 20e 4.56-13
3s2 lSe 4d 20e 1.41-13 352 1Se 4d 20e 2.26-13 352 I5e 45 2Se 2.94-13
352 lSe 4f 2Fo 6.42-13 352 ISe 4f 2Fo 1.95-13 3p3 2Po 1.88-13
352 1Se 5f 2Fo 6.19-13 352 lSe 5f 2Fo 1.89-13 3s3p2 2Pe 1.23-13
352 15. 5d 2De 5.07-13 3s2 1Se Sd 2De 1.58-13 3s3p2 2Se 1.13-13
352 ISe 6f 2Fo 4.57-13 352 ISe 6f 2Fo 1.40-13 3s2 ISe 4p 2Po 8.58-14
352 1Se 4p 2Po 4.01-13 3s2 ISe 4p 2Po 1.19-13 352 1Se 4d 20e 6.59-14
352 lSe 7f 2Fo 3.26-13 352 ISe 7£ 2Fo 1.00-13 3s3p 3Po 45 2Po 4.96-14
352 lSe 6q 2Ge 3.19-13 3s2 ISe 6d 20e 9.55-14 352 1Se 4f 2Fo 4.67-14
352 1Se 6d 2De 3.03-13 352 ISe 69 2Ge 9.40-14 352 ISe Sf 2Fo 4.48-14
382 ISe 79 2Ge 2.82-13 352 1Se 1p 2Po 8.46-14 3s3p 3Po 3d 2Do 4.40-14
352 ISe 5p 2Po 2.73-13 3s2 1Se 79 2Ge 8.32-14 3s2 ISe Sd 2De 4.33-14
3s2 lSe 59 2Ge 2.72-13 352 1Se Sp 2Po 8.26-14 3s2 1Se 6£ 2Fo 3.41-14
3s2 ISe 8f 2Fo 2.36-13 3s2 1Se 59 2Ge 1.98-14 3s2 ISe 7p 2Po 3.38-14
352 ISe 89 2Ge 2.31-13 3s2 1Se 8f 2Fo 7.28-14 3s2 lSe 6d 20e 2.71-14
352 lSe 7p 2Po 2.19-13 3s2 1Se 8g 2Ge 6.82-14 382 1Se 7f 2Fo 2.47-14
382 ISe 6p 2Po 2.01-13 3s2 1Se 6p 2Po 6.31-14 352 1Se 5p 2Po 1.97-14
352. ISe 7d 20e 1.88-13 352 ISe 7d 2De 5.97-14 3s2 1Se 6g 2Ge 1.92-14
352 lSe 8h 2Ho 1.81-13 3s2 ISe 99 2Ge 5.48-14 352 ISe 8f 2Fo 1.80-14
Sum: 20 states- 1.15-11 20 states= 3.50-12 20 states- 2.26-12
Total- 3.28-11 1.46-12 2.92-12
'contributon- 3S 47 77
S II Nbnd =- 313
3s23p3 2Po 2.51-12 3s23p3 200 1.93-12 353p4 4Pe 6.08-13
3s23p3 200 1.14-12 3s23p3 2Po 1.06-12 3s23p3 200 4.85-13
3s23p2 3Pe 3d 4Fe 1 ..12-12 3s23p2 3Pe 3d 4Fe 5.05-13 3s23p3 2Po 3.42-13
3s23p3 4So 1.15-12 3s23p2 3Pe 3d 4De 4.34-13 3s23p2 3Pe 3d 4Fe 2.01-13
3s23p2 3Pe 3d 4De 8.18-13 3s23p3 480 3.25-13 3s23p3 450 1 ..32-13
3s23p2 3Pe 3d 2Pe 6.25-13 3s3p4 4Pe 1.97-13 3s23p2 3Pe 3d 4De 1.26-13
3s3p4 4Pe 4.56-13 3s23p2 3Pe 3d 2Pe 1.39-13 3s3p4 2De 1.05-13
3s23p2 3Pe 3d 2Fe 3.72-13 3s23p2 3Pe 3d 2Fe 1.34-13 3s23p2 3Pe 3d 2Fe 6.08-14
3s3p4 2De 3.07-13 3s23p2 3Pe 4d 4Fe 9.69-14 3s23p2 3Pe 3d 2Pe 4.38-14
3s23p2 3Pe 4d 4Fe 2.97-13 3s3p4 2De 8.28-14 3s23p2 lOe 4p 2Fo 3.75-14
3s23p2 3Pe 4d 4De 2.16-13 3s23p2 3Pe 3d 4Pe 6.43-14 3s23p2 3Pe 48 4Pe 3.46-14
3s23p2 3Pe 3d 4Pe 2.09-13 3s23p2 3Pe 4£ 4Go 6.36-14 3s23p2 3Pe 4d 4Fe 3.23-14
3s23p2 3Pe 4f 4Go 2.09-13 3s23p2 3Pe 4d 4De 6.21-14 3s23p2 10e Sp 2Fo 2.53-14
3s23p2 3Pe Sf 4Go 1.84-13 3s23p2 10e 4p 200 5.97-14 3s23p2 3Pe 4d 4De 2.19-14
3s23p2 3Pe 3d 2De 1.68-13 3523p2 3Pe Sf 4Go 5.63-14 3s23p2 3Pe 3d 4Pe 2.07-14
3s23p2 3Pe 4p 400 1.67-13 3s23p2 3Pe 45 4Pe 5.31-14 3s23p2 10e 6p 2Fo 1.63-14
3s23p2 3Pe 4d 4Pe 1.54-13 3s23p2 3Pe 4p 400 5.20-14 3s23p2 3Pe 4p 400 1.61-14
3s23p2 3Pe 4d 2Fe 1.44-13 3s23p2 3Pe 3d 2De 5.17-14 3s23p2 3Pe 4f 4Go 1.51-14
3s23p2 3Pe 4p 2Do 1.43-13 3s23p2 3Pe 4d 4Pe 4.84-14 3s23p2 IDe 3d 2Fe 1.49-14
3s23p2 3Pe 45 4Pe 1.40-13 3s23p2 3Pe 4p 200 4.65-14 3s23p2 3Pe 3d 2De 1.47-14
Sum; 20 states- 1.17-11 20 states- 5.46-12 20 states· 2.35-12
Total- 3.80-11 1.11-11 3.40-12
tcontributon= 31 49 69
5 III: Nbnd :- 309
3s23p 2Po 3d 3Po 6.39-11 3s23p 2Po 3d 3Po 1.09-11 3s23p 2Po 3d 300 2.67-12
3s23p 2Po 45 3Po 2.52-11 3523p 2Po 3d 3Fo 4.11-12 3s23p 2Po 3d 3Fo 1.84-12
3s3p3 3So 2.49-11 3s3p3 350 4.52-12 3s23p 2Po 3d 3Po 1.63-12
3s23p 2Po 3d 3Fo 1.46-11 3s23p 2Po 45 3Po 4.26-12 3s3p3 350 1.36-12
3s3p3 1Po 6.90-12 3s23p 2Po 3d 100 2.52-12 3s23p 2Po 3d 1Do 1.11-12
3s23p 2Po 3d 100 6.61-12 3s3p3 1Po 2.43-12 3s23p 2Po 45 3Po 9.46-13
3s3p3 3Do 6.22-12 3s3p3 3Po 1.54-12 3s23p 2Po 3d IFo 8.96-13
3s3p3 3Po 4.89-12 3s23p 2Po 48 1Po 1.42-12 3s3p3 3Po 7.14-13
3s3p3 100 4.06-12 3s3p3 100 1.40-12 3s3p3 1Po 5.64-13
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3s23p 2Po 3d IFo 3.02-12
3s23p 2Po 45 IPo 2.68-12
3s3p2 4Pe 3d 5Fe 2.44-12
3s3p3 550 1.23-12
3s23p 2Po 4d 3Fo 1.01-12
3s23p 2Po 4d 300 9.40-13
3s23p 2Po 3d 300 8.44-13
3s23p 2Po 4f 3Ge 6.77-13
3s23p 2Po 4d 3Po 5.84-13
3s23p 2Po 5d 300 5.14-13
3s23p2 3Pe 4.90-13















2Po 3d lFo 1.15-12
4Pe 3d 5Fe 7.69-13
550 3.90-13
2Po 3d 300 3.71-13
2Po 4d 3Fo 3.18-13
2Po 4d 300 2.55-13
2Po 4f 3Ge 2.12-13
4Pe 4p 3Po 1.91-13
2Po 4d 3Po 1.69-13













4Pe 3d 3Fe 5.55-13
2Po 48 1Po 5.34-13
2De 3d 3Fe 4.46-13
300 3.79-13
100 3.29-13
2Po 4p 30e 3.06-13
4Pe 3d 5Fe 2.34-13
2Po 4p 3Pe 1.50-13


























ISe 3d 20e 1.36-12 252p2
ISe 2p 2Po 1.29-12 252
20e 9.85-13 252
ISe 4d 2De 8.46-13 252
ISe 4f 2Fo 5.66-13 2s2
1Se Sd 2De 5.24-13 252
1Se 5f 2Fo 5.11-13 252
1Se 6f 2Fo 3.81-13 252
lSe 3p 2Po 3.66-13 2s2
1Se 6d 2De 3.32-13 252
lSe 69 2Ge 3.03-13 252
1Se 7f 2Fo 2.78-13 252
lSe 79 2Ge 2.67-13 252
ISe 59 2Ge 2.64-13 2s2
1Se 35 2Se 2.47-13 2s2
ISe 89 2Ge 2.19-13.2$2
lSe 7d 20e 2.07-13 2s2
lSe 8f 2Fo 2.05-13 252
lSe 8h 2Ho 1.84-13 252
2Po 3 ..62-12
20e 1.08-12
ISe 3d 20e 4..20-13
lSe 2p 2Po 4.08-13
lSe 4d 20e 2.62-13
1Se 4f 2Fo 1.12-13
lSe 5d 20e 1.63-13
lSe Sf 2Fo 1.55-13
1Se 3p 2Po 1.16-13
lSe 6f 2Fo 1.16-13
1Se 6d 2De 1.04-13
1Se 6q 2Ge 8.92-14
1Se 7f 2Fo 8.46-14
lSe 35 2Se 1.95-14
1Se 79 2Ge 1.86-14
1Se 59 2Ge 7.74-14
lSe 7d 20e 6.52-14
1Se 89 2Ge 6.44-14
lSe 8f 2Fo 6.25-14










lSe 2p 2Po 1.41-13
lSe 3d 20e 1.21-13
1Se 4d 2De 7.41-14
2Se 6.86-14













a Given in order of their contributions at temperatures log T = 2. 3.4 K. Nbndcorresponds to the
total number of low-n bound states for which the detailed photoionization cross sections have been
calculated forthe total rates. Sum and percentage contribution of these statesto the total ratesare given
at the end of each column.
2s22 p 2 3P is the predominant contributor for some of the car-
bon-like ions, such as C I and N II, but not for some other ions
in the sequence, such as MgVIJ • The same is true for other ions,
e.g., S III ground state, 3s23p2 3P, is not dominant at some
temperatures, but some excited states are. The other important
contributors to the total aR( T) are the excited equivalent elec-
tron states, such as 2s22 p 2 1D and 2p4 3 P in carbon-like ions.
Although there are only a few, they provide significant contri-
butions to aR( T) because ofextensive autoionizing resonances
in their photoionization cross sections below the ionization
threshold of the optical electron, as discussed in NP 1and NP2.
Some additional explanation is necessary regarding the un-
certainties in the recombination rates for individual states.
These rates include the contributions from the low-n (n ~ 10)
DR-type resonances, as well as the background RR, 'but not
from the high-n (n > 10) DR resonances; this effect, however,
is expected to be small at low temperatures up to about 10,000
K for low-charge ions and somewhat higher for highly charged
ones. There may be some uncertainties at higher temperatures,
since resonances belonging to higher target thresholds, which
are not included in the coupled target eigenfunction expan-
sion, are not present in the photoionization cross sections. This
should not affect the rates significantly, since comparison of
recombination rates obtained using eight state and 23 state cal-
culations for the carbon-sequence ions reveals that additional
states in the eigenfunction expansion increase the DR contri...
butions from the higher t:.n +0 thresholds only slightly. The
other source ofuncertainty at very high temperatures may arise
from inner-shell ionization. Inclusion ofsome inner-shell ion-
ization by Jacobs et al. ( 1979) was found to make a negligible
contribution to the rate coefficients for Mg and S ions. For
these reasons, individual recombination rate coefficients are




~ given only for T = 100, 1000, and 10,000 K in Table 2. An-
other point regardingTable 2 is the proper identification level
~ for the theoretically calculated bound states. Although great
~ care is taken in their identification, using effective quantum
~ numbers and channel contributions, identification was diffi-
0'1
M cult for someof the statesofSi I, and some of the identifications
may not be precise.
The recombination rate coefficients of all individ-
ual low-a bound states, and the high-n contributions to the
total rate coefficients, may be obtained electronically from
nahar@payne.mps.ohio-state.edu.
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